Theoretical investigations using density functional theory have been performed on the kinetics and mechanism of cyclodiglycine (piperazine-2,5-dione) thermal decomposition in the gas phase. Five major possible paths have been proposed and analysed. α-Lactam, β-lactam, 4-imidazolidinone and smaller species such as HNCO, H 2 CNH, H 2 CCO, CO, H 2 and HCN can be produced through these paths. The route yielding aziridine and HNCO is the optimum channel for this reaction from the energy point of view. Finally, according to the quantum theory of atoms in molecules, electron localisation function and localised orbital locator analyses, it was confirmed that a concerted mechanism operates for the reaction and all critical bonds of the transition states have covalent character.
INTRODUCTION
Cyclic compounds are continuously at the centre of research interest [1] and in recent years many classes of organic and bioorganic cyclic compounds which are constructed of amino acid units have been synthesised and reported [2] . These compounds exhibit various biological activities, such as antibacterial [3] , antiviral [4] and antifungal [5] . Cyclic peptides are polypeptide chains taking a cyclic ring structure. The ring structure can be formed by linking one end of the peptide and the other with an amide bond [6] to form cyclopeptides, which are of special interest. The topological structures of unusual carbon and nucleic acid compounds are widely described in the literature [7] [8] [9] [10] [11] [12] . Cyclic structures may be found in antibiotics, hormones, immunosuppressants, macrolides, peptides and antineoplastic agents, which are large and important groups of compounds in medicinal chemistry [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In many cases, cyclic compounds are known to have much better biological properties in comparison to their linear equivalents [23, 24] . They are more able to permeate cell membranes due to their smaller size, hydrophobicity and lack of charge [25, 26] . The conformational behaviour of glycine oligomers is of special interest too because, as the only unsubstituted amino acid, glycine is an important contributor to the conformational flexibility of peptide fragments [27] . Soldatov and co-workers [27] synthesised some glycine homopeptides such as α-diglycine, β-triglycine, tetraglycine and pentaglycine. They studied their structural properties and found that the stability of these structures increased with increasing chain length. On heating α-diglycine at 623 K, cyclodiglycine (CDG) is formed. The formation of CDG from α-diglycine is easiest to achieve as it requires the formation of only one peptide bond and the only other product is H 2 O [27] . The formation of CDG during www.prkm.co.uk thermal treatment of this glycine is of special interest as it may suggest a general synthetic procedure for cyclic dipeptides. This type of molecule has attracted attention due to its wide spectrum of biological activity and its application in medical chemistry [28] [29] [30] [31] . The formation of CDG, the simplest cyclic dipeptide, has been observed in thermal experiments [27] . However the reaction is accompanied by various decomposition processes including the degradation of CDG itself. During the thermal decomposition of CDG many species have been observed in Scheme 1 Proposed mechanisms for thermal decomposition of CDG in the gas phase.
www.prkm.co.uk the mass spectra [27] . The major products are α-lactam, β-lactam, 4-imidazolidinone and their small molecule decomposition products such as HNCO, H 2 CNH, H 2 CCO, CO, H 2 and HCN. In this paper, we have investigated the kinetics and mechanism of CDG (R) thermal decomposition in the gas phase from the theoretical viewpoint for the first time. Five major mechanisms have been proposed [27] as shown in Scheme 1. Such a theoretical study is important in giving an insight into the detailed reaction pathways as CDG and its derivatives have many applications in food industries and medical chemistry [27] [28] [29] [30] [31] . In this paper all the paths which can produce all species that are detected mass spectroscopically have been investigated by quantum chemistry calculations and the thermodynamic and kinetic parameters of formation of these species during this reaction have been determined.
COMPUTATIONAL DETAILS
The optimised structures of the reactant (R), transition states (TSs), intermediates (IMs) and products (Ps) have been obtained by density functional theory (DFT). In the DFT method, the M05-2X functional together with the 6-311++G(d,p) basis set has been employed for all calculations [32, 33] . In order to provide an estimate of the zero-point vibrational energies (ZPVEs), as well as their corresponding thermochemical parameters, frequency calculations were performed for all of the stationary points at a temperature of 623 K. Intrinsic reaction coordinate [34] calculations were performed to confirm that the transition structures properly connect the reactant and products. The synchronous transit-guided quasiNewton (STQN) method [35] was employed for obtaining the transition states. All these calculations were performed using Gaussian 09 [36] . The electron location function (ELF) [37] , localised orbital locator (LOL) [38] and quantum theory atoms in molecules (QTAIM) [39] analyses were performed using MultiWFN 3.1 [40] .
RESULTS AND DISCUSSION

Structural and mechanism analysis
Five major possible mechanisms for CDG thermal decomposition in the gas phase have been proposed (Scheme 1). The optimised structures involved in this reaction are shown in Figures 1, 2 and 3. In path 1, during the formation of cyclic TS1, C3-N7 and C1-N11 bond cleavage and C1-N7 and C3-N11 bond formation followed by the formation of IM1 occurs. In the next step, during the formation of a three-member cyclic TS2, C1-N5 and C1-C2 bonds are broken and IM2 is produced. In the final step of this path at TS3, N3-H4 and C1-H5 bonds are cleaved and P1 is formed. According to the energies of these steps, the first step of path 1 is the rate-determining step (RDS), in which the imaginary vibrational frequency of 373 i.cm -1 is mainly related to the C1-N11 bond stretching mode. The second mechanism is established through C1-C4 and C2-N11 bond cleavages and C2-C4 bond formation in four-member cyclic TS4. Through this path, IM3 is produced. The first steps of paths 2 and 3 (the formation of IM3) are similar. In the second step of path 2, C4-N7 and C2-C3 bond cleavage take place and P2 is formed on passing through TS5. Energy analysis confirmed that the first step of path 2 is the RDS and the obtained imaginary vibrational frequency of 605 i.cm -1 for TS4 is related to C1-C4 bond stretching.
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The second step of path 3 is established by C3-N7 and C2-C4 bond cleavage at TS6 yielding IM4, which in turn is converted to P1 in the next step. The final step of path 3 (TS3) can be considered as the RDS of the channel. The calculated imaginary frequency of 2407 i.cm -1 for TS3 is related to the vibrational stretching mode of the N3-H4 bond breaking. In path 4, C1-N11 and C1-C4 bond cleavage and C4-N11 bond formation take place (TS7). Passing through TS9, P3 is formed from IM5. The second step of path 4, which is followed by TS9, is the RDS. Considering the calculated imaginary frequency of 634 i.cm -1 , this is related to the vibrational stretching mode of the C2-C3 bond, which is broken in this route. The first step of path 5 is similar to that of path 4. Here, IM5 is formed this passes through TS8 and is converted to IM6. C2-N11 and C4-N7 bond cleavages and C2-N7 bond formation take place in this step. The next steps of this channel are similar to path 1. The RDS of path 5 is the same as the final step of path 1 through TS3.
Kinetic and mechanism analysis
In order to gain a quantitative understanding of the reaction mechanism, the relative Gibbs free energies have been calculated and shown in Figure 4 . These potential energy diagrams (PEDs) demonstrate that the studied reaction channels are thermodynamically favourable. The calculated activation Gibbs free energy, enthalpy and entropy for all paths were reported in Table 1 . According to Table 1 , it is confirmed that the optimum channel for CDG thermal decomposition is path 4 from the energy point of view. According to experimental results [27] , CDG thermal decomposition can produce certain species but no experimental data about the kinetics and thermodynamic parameters have been reported. According to our theoretical data, the formation of all species detected experimentally are thermodynamically favourable. Moreover, the experimental results reveal that HCN is the major product of this thermal decomposition reaction, while the theoretical data show that the best channel from the www.prkm.co.uk kinetic view is path 4 which produces P3. Noting that paths 1, 3 and 5 can produce HCN, the experimental results determine HCN as a major product. Table 2 . According to Table 2 , the larger the ρ(r) at the BCP the larger are the interaction energies. Therefore the C3-N11 and C1-N11 bonds of TS1 have more interaction than the C1-N7 and C3-N7 bonds. Generally a negative Laplacian indicates covalent interaction. According to Table  2 , all calculated Laplacians of the BCPs are negative and show that all bonds that are involved in TSs have covalent interaction characteristics. Table 2 shows that the ratio of -G(r)/V(r) is less than 0.5, which is a characteristic of the shared covalent interaction. Electron localisation function (ELF) and localised orbital locator (LOL) analyses on the all TSs of RDSs have been performed. Generally a large ELF value means that the electrons are greatly localised, indicating that there will be a covalent bond, a lone pair, or inner electron shells of an atom involved. ELF has been widely used for a wide variety of systems, such as organic and inorganic small molecules, atomic crystals, coordination compound clusters and in resolving different problems such as atomic shell structure, classification of chemical modes and verifications of charge-shift bonds [37] . In ionic systems ELF drops to very low values, below 0.05, while in covalent systems it remains higher, reaching 0.10 along the bond direction. Figure 5 shows the ELF plots along the bonds direction in TS1. As all the ELFs along the bond direction are more than 0.05, these bonds have covalent characteristics. Figure 6 shows the ELF and LOL plots of bonds involved in TS1. This figure shows C1-N11 and C1-N7 bond formation in this TS. These analyses have been performed on the other TSs and similar results have been obtained. For example, Figure 7 shows the ELF and LOL plots for TS9 and confirms the covalent interaction between the bonds that are involved in this TS. www.prkm.co.uk
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CONCLUSION
A DFT study on the kinetics and mechanism of CDG thermal decomposition in the gas phase has been performed. Experimental studies indicate that CDG thermal decomposition leads to the formation of α-lactam, β-lactam, 4-imidazolidinone and smaller species such as HNCO, H 2 CNH, H 2 CCO, CO, H 2 and HCN. Five major possible mechanisms have been investigated. Calculated thermodynamic parameters at the M05-2X/6-311++G(d,p) level reveal that path 4 is the optimum channel for this reaction from the energy viewpoint. Finally, based on the electron localisation function and atoms-in-molecules properties, it was confirmed that all bonds involved in the TSs have covalent characteristics.
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Figure 7 ELF and LOL plots of (A) C3-C2-N11 and (B) C3-C4-N7 and (C) ELF as a function of C2-C4 bond direction of TS9.
